Calcium ions have been implicated in the establishment and maintenance of pregnancy, but the regulatory mechanisms of calcium ions in the uterine endometrium and conceptus are not well understood in pigs. Recently, we showed that TRPV6, a calcium ion channel protein associated with cellular entry of calcium ions, is highly expressed in the uterine endometrium during the implantation period in pigs. In the present study, we investigated spatial and temporal expression and regulation of TRPV6 and S100G, an intracellular calcium-regulatory molecule, in the uterine endometrium during the estrous cycle and pregnancy in pigs. TRPV6 expression was maintained at significantly higher levels in the uterine endometrium during pregnancy compared with levels during the estrous cycle. TRPV6 transcripts and proteins were localized mainly to luminal epithelial cells (LE) and weakly to glandular epithelial cells (GE) and chorionic membrane (CM) during pregnancy. TRPV6 expression was also detected in conceptuses on Day (D) 12 and D15. TRPV6 mRNA levels in the endometrium were increased by estrogen treatment. S100G expression showed a biphasic pattern of increases on D12 of pregnancy and from D60 to term pregnancy, and it localized primarily to LE during early pregnancy and to LE, GE, and CM from D30 to term pregnancy. These results indicate that spatial and temporal expression of TRPV6 and S100G is dynamically regulated in the uterine endometrium during pregnancy and that endometrial regulation of calcium ion concentration by TRPV6 and S100G may be critical for the establishment and maintenance of pregnancy in pigs.
INTRODUCTION
Calcium ions are one of the most abundant cations in the body and are essential to a number of physiological processes, including bone formation, muscle contraction, milk production, and neuronal excitability. At the cellular level, calcium controls a wide variety of cellular functions such as cell growth, proliferation, and cell death [1] . The importance and function of calcium during fertilization and early embryo development have been well studied [2] . Calcium has also been implicated in the embryo implantation process. Binding of endometrial epithelial cells to trophoblastic cells increases calcium influx in endometrial epithelial cells in human [3] . Attenuation of expression of calcitonin and S100G (also known as calbindind9k) blocks embryo implantation in rats [4] and in mice [5] , respectively. In pigs, a significantly increased concentration of calcium in the uterine lumen was observed during the implantation period [6] . Although the importance of calcium and its versatility in cell functions are well established, the regulatory mechanisms of calcium transport in the uterine endometrium, as well as the cellular and molecular mechanisms of calcium action in the implantation process and during pregnancy, are not well understood.
Several calcium-regulatory molecules involved in the maintenance of calcium ion balance in the cell and the functions of these regulatory molecules have been well studied in small intestine and kidney [7] . Two calcium ion channels, transient receptor potential vanilloid types 5 and 6 (TRPV5 and TRPV6; also called epithelial calcium channel 1 and 2, or calcium transporter 2 and 1, respectively), act on calcium uptake in intestinal and renal epithelial cells. TRPV6, ubiquitously expressed in many organs, is permeable to some divalent cations such as calcium, barium, and strontium but is most sensitive to calcium [8, 9] . CALB1 (also called calbindind28k) and S100G function in the transport of cytoplasmic calcium ions from the apical to the basolateral side of a cell and buffer the intracellular calcium ion concentration [7] . ATP2B1 (also known as plasma membrane calcium ATPase 1b, PMCA1b) and SLC8A1 (also known as sodium/calcium exchanger 1, NCX1) are involved in extrusion of calcium ions from the cell [7] .
Expression of TRPV6, S100G, ATP2B1, and SLC8A1 has been observed in many organs, including small intestine, kidney, bone, and placenta [10] . Uterine epithelial cell expression of TRPV6 has been detected during the estrous cycle and pregnancy in rats and mice [11, 12] but not in large animal species. In our recent study [13] examining genes that were differentially expressed in the porcine uterine endometrium on Day (D) 12 of pregnancy compared with D12 of the estrous cycle, we found that TRPV6 expression was increased in the uterine endometrium on D12 of pregnancy, the period when embryo implantation begins and maternal recognition of pregnancy occurs in pigs. It has been shown that TRPV6 expression is up-regulated by vitamin D, estrogen, and dietary calcium ions in the small intestine and kidney in rodents [14] . Steroid hormonal induction of TRPV6 expression has also been reported in the rodent uterus. Estrogen treatment of immature female mice increased uterine TRPV6 expression [11] , and progesterone induced TRPV6 expression in the uterus of ovariectomized rat [12] . However, spatial and temporal expression patterns of TRPV6 during the estrous cycle and pregnancy and regulatory mechanisms of TRPV6 expression during pregnancy have not been determined in the porcine uterus to date. S100G expression in the uterus has been shown in several species, including mice, rats, and pigs [15] [16] [17] . In mice, S100G expression is observed in interimplantation sites during early pregnancy [15, 18] and is detected in the endometrial epithelial cells during early pregnancy in rats [16] . Furthermore, S100G expression has been shown to be up-regulated by estrogen in the rodent uterus [19] . In pigs, S100G is expressed at high levels during the maternal pregnancy recognition period in the endometrium [17] , and levels of S100G expression in the uterine endometrium are higher in the luteal phase than in the follicular phase [20] . However, spatial expression of S100G in the uterine endometrium during pregnancy in pigs has not been studied to date.
During the implantation period in pigs, the uterus is under the influence of progesterone of ovarian origin. Conceptuses (embryos/fetuses and associated extraembryonic membranes) during this period undergo a dramatic morphological change and produce estrogen, which is the signal for maternal recognition of pregnancy, cytokines, and growth factors [21] . Expression and function of many uterine genes during this period are regulated mainly by estrogen of conceptus origin and extended exposure to progesterone. Hence, it is hypothesized that expression of TRPV6 and S100G is influenced by estrogen from the conceptus and ovarian progesterone during the implantation period and that these calcium-regulatory molecules are differentially expressed depending on the stage of pregnancy. Therefore, to study the role of calcium and its regulatory molecules in the uterine endometrium during the implantation period and pregnancy in pigs, we evaluated the following: 1) expression and localization of TRPV6 in the uterine endometrium during the estrous cycle and pregnancy, 2) expression of TRPV6 in conceptuses during early pregnancy, 3) the effect of steroid hormones estrogen and progesterone on TRPV6 expression in the uterine endometrium, and 4) expression and localization of S100G in the uterine endometrium during the estrous cycle and pregnancy.
MATERIALS AND METHODS

Animals and Tissue Collection
All experimental procedures involving animals were conducted in accord with the National Research Council publication Guide for the Care and Use of Laboratory Animals (National Academy of Sciences, 1996) . Sexually mature crossbred female pigs were assigned randomly to either cyclic or pregnant status. Twenty-four gilts were hysterectomized on D12 or D15 of the estrous cycle and on D12, D15, D30, D60, D90, or D114 of pregnancy (n ¼ 3 gilts/day per status). Pregnancy was confirmed by the presence of apparently normal conceptuses in uterine flushings or fetuses. Endometrium dissected from the myometrium was collected from the middle portion of the uterine horn. Endometrial tissues were snap frozen in liquid nitrogen and stored at À808C for RNA and protein extraction. For in situ hybridization and immunohistochemistry, cross-sections of endometrium and conceptuses were fixed in paraformaldehyde in PBS (pH 7.4) for 24 h and then embedded in paraffin.
Total RNA Extraction and Cloning of Porcine CalciumRegulatory Genes Total RNA was extracted from endometrial tissues using TRIzol reagent (Invitrogen Life Technology, Carlsbad, CA) according to the manufacturer's recommendations. The quantity of RNA was assessed spectrophotometrically, and the integrity of the RNA was examined by gel electrophoresis using 1% agarose gels.
Two micrograms of total RNA was treated with DNase I (Promega, Madison, WI) and reverse transcribed using SuperScript II Reverse Transcriptase (Invitrogen Life Technology) to obtain cDNA. The cDNA templates were then diluted 1:5 with sterile water and amplified by PCR using Taq polymerase (Takara Bio, Shiga, Japan) and specific primers (forward, 5 0 -TCC TGC AGA ACT GAA GAG CA-3 0 ; reverse, 5 0 -GCA GAG ACA TGG GTG GTT TT-3 0 ) based on mRNA sequences of porcine S100G (GenBank accession number NM_214140). The PCR conditions were 35 cycles at 948C for 45 sec, 548C for 45 sec, and 728C for 2 min. The PCR products with the expected size of 302 base pair (bp) were separated on 2% agarose gels and visualized by ethidium bromide staining. The identity of each amplified PCR product was verified by sequence analysis after cloning into the pCRII vector (Invitrogen Life Technology). Cloning of partial TRPV6 cDNA sequence (GenBank accession number FJ268731) was done as previously described [13] .
Real-Time Quantitative RT-PCR
To analyze levels of TRPV6 and S100G mRNAs in the uterine endometrium, real-time RT-PCR was performed using the Applied Biosystems GeneAmp 7900 Sequence Detection System (Applied Biosystems, Foster City, CA) using the SYBR Green method. Complementary DNAs were synthesized from 3 lg of total RNA isolated from different uterine endometrial tissues, and newly synthesized cDNAs (total volume, 21 ll) were used for PCR. To maximize efficiency, specific primers were designed to amplify cDNA of less than 200 bp based on the following: porcine TRPV6 (GenBank accession number FJ268731; forward, 5 0 -CAC TTT AGG AGA GGC TTG CTG-3 0 ; reverse, 5 0 -ATG ACT TTA TTG GAA GGT AGG AGG T-3 0 ), porcine S100G (GenBank accession number NM_214140; forward, 5 0 -TGA AAG GTC CGA GAA CCC TAG ATG-3 0 ; reverse, 5 0 -TCC TTA AAA TGG GAC TGT TGC GTG-3 0 ), and porcine ACTB (GenBank accession number U07786; forward, 5 0 -GTG GAC ATC AGG AAG GAC CTC TA-3 0 ; reverse, 5 0 -ATG ATC TTG ATC TTC ATG GTG CT-3 0 ). The DyNAmo Probe qPCR Kit (Finnzymes, Espoo, Finland) was used for amplification of S100G. Final reaction volume was 20 ll, including 1 ll of cDNA, 10 ll of 23 premix, 2 ll of each primer, 0.4 ll of ROX, and 4.6 ll of diethyl pyrocarbonate (DEPC)-treated double-distilled H 2 O. The PCR conditions were 508C for 2 min and 958C for 15 min, followed by 40 cycles of 958C for 30 sec, 608C for 30 sec, and 728C for 30 sec. Data were analyzed using Applied Biosystems software. The results were reported as the expression relative to the level detected on D12 of the estrous cycle after normalization of the transcript amount to the endogenous ACTB control by the 2 ÀDDCT method [22] .
Explant Culture
Endometrium was dissected from the myometrium and placed into warm phenol red-free Dulbecco modified Eagle medium (DMEM)/F-12 culture medium (Sigma, St. Louis, MO) containing penicillin G (100 IU/ml) and streptomycin (0.1 mg/ml) as described previously [23] , with some modifications. The endometrium was minced with scalpel blades into small pieces (2-3 mm 3 ), and aliquots of 500 mg were placed into T25 flasks with serum-free modified DMEM/F-12 containing 10 lg/ml of insulin (catalog number I5500; Sigma), 10 ng/ml of transferrin (catalog number T1428; Sigma), and 10 ng/ml of hydrocortisone (catalog number H0396; Sigma). Endometrial explants were cultured immediately after mincing in the presence of ethanol (control), estradiol-17b (E 2 ) (50 ng/ml, catalog number E8875; Sigma), progesterone (P 4 ) (3 ng/ml, catalog number P0130; Sigma), E 2 þ P 4 , E 2 þ P 4 þ ICI182 780 (ICI) (an estrogen receptor antagonist, 100 ng/ml; Tocris, Ballwin, MO), or E 2 þ P 4 þ RU486 (a progesterone receptor antagonist, 30 ng/ml, catalog number M8046; Sigma) for 24 h with rocking in an atmosphere of 5% carbon dioxide in air at 378C. Explant tissues were then harvested, and total RNA was extracted for real-time RT-PCR analysis of TRPV6 mRNA levels. These experiments were conducted using endometrium from three individual gilts. Treatments were performed in triplicate on tissues obtained from each gilt.
Nonradioactive In Situ Hybridization
The nonradioactive in situ hybridization procedure was performed as described previously [24] , with some modifications. Sections (5 lm thick) were rehydrated through successive baths of xylene, 100% ethanol, 95% ethanol, DEPC-treated water, and DEPC-treated PBS. Tissue sections were permeabilized with DEPC-treated PBS containing 0.3% Triton X-100. After washing in DEPC-treated PBS, tissue sections were digested with 5 lg/ml of Proteinase K (Sigma) in TE (100 mM Tris-HCl and 50 mM edetic acid [EDTA] [pH 7.5]) at 378C. After postfixation in 4% paraformaldehyde, sections were incubated twice for 15 min each in PBS containing 0.1% active DEPC and were equilibrated for 15 min in 53 saline-sodium citrate (SSC). The sections were prehybridized for 2 h at 688C in hybridization mix (50% formamide, 53 SSC, and 500 lg/ml of herring sperm DNA [200 ll on each section]). Sense and antisense TRPV6 and S100G riboprobes labeled with DIG-UTP were denatured for 5 min at 808C and added to the hybridization mix. The hybridization reaction was carried out at 688C overnight. Prehybridization and hybridization were performed in a box saturated with a 53 SSC-50% formamide solution to CALCIUM-REGULATORY MOLECULES IN THE PORCINE UTERUS avoid evaporation, and no coverslips were used. After hybridization, sections were washed for 30 min in 23 SSC at room temperature, 1 h in 23 SSC at 658C, and 1 h in 0.13 SSC at 658C. Probes bound to the section were immunologically detected using sheep antidigoxigenin Fab fragments covalently coupled to alkaline phosphatase and nitroblue tetrazolium bromochlorindolyl phosphate as a chromogenic substrate according to the manufacturer's protocol (Roche, Basel, Switzerland).
Protein Isolation and Immunoblot Analysis
Endometrial tissues were homogenized in lysis buffer (1% Triton X-100, 0.5% Nonidet P-40, 150 mM NaCl, 10 mM Tris, 1 mM EDTA, 0.2 mM Na 3 VO 3 , 0.2 M PMSF, and 0.5 lg/ml of NaF) at a ratio of 100 mg of tissue:1 ml of buffer, and the cellular debris was removed by centrifugation (16 500 3 g for 5 min). The concentration of proteins in lysates and uterine luminal flushings was determined using a Bradford protein assay (Bio-Rad Laboratories, Richmond, CA) with bovine serum albumin as the standard. Proteins (20 lg) were loaded in each lane and electrophoresed on 12% SDS-PAGE gels, followed by electrotransfer onto nitrocellulose membranes. Nonspecific binding was blocked with 5% (w/v) fat-free milk in TBST buffer (Trisbuffered saline with 0.1% Tween-20) for 1 h at room temperature. The blot was incubated overnight at 48C with 0.1 lg/ml of rabbit polyclonal anti-TRPV6 antibody (catalog number ACC-036; Alomone Labs, Jerusalem, Israel) diluted in 2% milk-TBST. The blot was washed in TBST at room temperature three times for 10 min each, incubated with peroxidase-conjugated goat anti-rabbit secondary antibody (1:20 000; Jackson Laboratories, West Grove, PA) for 1 h at room temperature, and rinsed again for 30 min at room temperature with TBST. Immunoreactive proteins were detected by chemiluminescence (SuperSignal West Pico; Pierce Chemical Co., Rockford, IL) according to the manufacturer's recommendations using x-ray films (Agfa-Gevaert, Mortsel, Belgium). Blots were reblotted with rabbit polyclonal anti-ACTB antibody (1:5000; Sigma) to assess consistent loading. The optical density of TRPV6 and ACTB bands in the immunoblots was quantified by scanning densitometry using HP1210 (HP, Seoul, Korea) and GelPro Analyzer software (Media Cybernetics, Silver Spring, MD). Values are presented as the ratio of each TRPV6-integrated optical density to the corresponding ACTB-integrated optical density.
Immunohistochemical Analysis
Immunohistochemistry was used to determine which type of cells in the porcine endometrium express TRPV6 proteins. Sections (5 lm thick) were deparaffinized and rehydrated in an alcohol gradient. For antigen retrieval, tissue sections were boiled in citrate buffer (pH 6.0) for 10 min. Tissue sections were washed with PBST (PBS with 0.1% Tween-20) three times, and a peroxidase block was performed with 0.5% (v/v) H 2 O 2 in methanol for 30 min. Tissue sections were then blocked with 10% normal goat serum for 30 min at room temperature. Three micrograms per milliliter of rabbit polyclonal anti-TRPV6 antibody (catalog number ACC-036; Alomone Labs) was added and incubated overnight at 48C in a humidified chamber. For each tissue tested, purified normal rabbit IgG was substituted for primary antibody as a negative control. Tissue sections were washed with PBST three times. Biotinylated goat anti-rabbit secondary antibody (Vector Laboratories, Burlingame, CA) was added and incubated for 1 h at room temperature. Following washes with PBST, a streptavidin peroxidase conjugate (Zymed, San Francisco, CA) was added to the tissue sections, which were then incubated for 10 min at room temperature. The sections were washed with PBST, and 3-amino-9-ethylcarbozole in N,N-dimethylformamide color development substrate (Zymed) was added to the tissue sections, which were then incubated for 10 min at room temperature. The tissue sections were then washed in water, counterstained with Mayer hematoxylin, and coverslipped.
Statistical Analysis
Data from real-time RT-PCR analysis for TRPV6 and S100G mRNA levels and data from immunoblot analysis for TRPV6 protein expression were FIG. 1. Analysis of TRPV6 mRNA levels in the uterine endometrium by real-time PCR analysis during the estrous cycle and pregnancy in pigs. Endometrial tissue samples from cyclic and pregnant gilts (n ¼ 3/day) were tested. Abundance of mRNA is presented as the expression relative to the level of TRPV6 mRNA measured on D12 of the estrous cycle after normalization of the transcript amount to ACTB. TRPV6 mRNA levels changed during pregnancy (day, P , 0.05), and levels of TRPV6 mRNA on D12 and D15 of pregnancy were significantly higher than those on D12 and D15, respectively, of the estrous cycle (day 3 status, P , 0.01). Data are presented as least squares means with SEMs.
FIG. 2.
In situ hybridization analysis of TRPV6 mRNA in the uterine endometrium during the estrous cycle and pregnancy in pigs. TRPV6 mRNA was primarily localized to the LE during early pregnancy and increased in GE and CM during midpregnancy to late pregnancy. A representative uterine section from D12 of pregnancy is shown hybridized with a DIG-labeled sense TRPV6 cRNA probe (Sense) as a negative control. C, estrous cycle; P, pregnancy; St, stroma. Original magnification 3100. 1124 subjected to least squares ANOVA using the general linear models procedures of SAS (SAS Institute, Cary, NC). As sources of variation, the model included day, pregnancy status (cyclic or pregnant), and the interactions of these two factors to evaluate the steady-state levels of TRPV6 and S100G mRNAs. To evaluate the effect of steroid hormones on TRPV6 mRNA levels, the model included treatment and animal as sources of variation. Preplanned contrasts (control vs. E 2 , control vs. P 4 , E 2 vs. E 2 þ P 4 , E 2 þ P 4 vs. E 2 þ P 4 þ ICI, and E 2 þ P 4 vs. E 2 þ P 4 þ RU486 for TRPV6 expression) were used to test for effects of treatments in the explant cultures. Data are presented as least squares means with SEMs.
RESULTS
Expression and Localization of TRPV6 mRNA in the Uterine Endometrium During the Estrous Cycle and Pregnancy in Pigs
To determine whether TRPV6 (a calcium ion channel protein acting in the absorption of calcium ions into the cell) was expressed in the uterine endometrium during the estrous cycle and pregnancy in pigs, we performed real-time RT-PCR analysis using total RNA extracted from cyclic and pregnant porcine uterine endometria. TRPV6 mRNAs were detected in the uterine endometrium during the estrous cycle and pregnancy (Fig. 1) . Steady-state levels of TRPV6 mRNA were changed during pregnancy (day, P , 0.05), and levels of TRPV6 mRNA on D12 and D15 of pregnancy were significantly higher than those on D12 and D15, respectively, of the estrous cycle (day 3 status, P , 0.01).
Using in situ hybridization analysis, we determined localization of TRPV6 mRNA in the uterine endometrium during the estrous cycle and pregnancy in pigs. Strong signals of TRPV6 mRNA were localized to luminal epithelial cells (LE) and weak signals to glandular epithelial cells (GE) and the chorionic membrane (CM) during pregnancy (Fig. 2) . During the estrous cycle, TRPV6 mRNA signals were very weak in LE and GE (Fig. 2) .
Expression of TRPV6 Protein in the Uterine Endometrium During the Estrous Cycle and Pregnancy in Pigs
Having determined that TRPV6 mRNA was detected in the uterine endometrium in a pregnancy status-specific and cell type-specific manner, we examined TRPV6 protein expression. Immunoblot analysis detected a single band of TRPV6 protein with a relative molecular mass of 75 000 during pregnancy (Fig. 3A) . Steady-state levels of TRPV6 protein did not change during pregnancy from D12 to term pregnancy (day, P . 0.05), and levels of TRPV6 protein on D12 and D15 of pregnancy were significantly higher than those on D12 and D15 of the estrous cycle, respectively (day 3 status, P , 0.01) (Fig. 3B) .
Localization of TRPV6 protein in the porcine endometrium during the estrous cycle and pregnancy was determined by immunohistochemistry (Fig. 4) . As expected from the results on TRPV6 mRNA localization, TRPV6 protein was localized primarily to LE during pregnancy. TRPV6 protein was also localized to GE and CM during pregnancy, and GE expression of TRPV6 increased during late pregnancy compared with that in early pregnancy. In contrast, TRPV6 protein was barely detectable in the endometrium during the estrous cycle.
Expression of TRPV6 in Porcine Conceptuses
To determine whether conceptuses also express TRPV6, we performed in situ hybridization and immunohistochemistry using conceptuses from D12 and D15 of pregnancy (Fig. 5) . TRPV6 mRNA and protein were found to be expressed in conceptuses from D12 and D15 of pregnancy.
FIG. 3.
Immunoblot analysis of TRPV6 proteins in the uterine endometrium during the estrous cycle and pregnancy in pigs. A) Endometrial tissues from cyclical and pregnant gilts (n ¼ 3/day) were tested. ACTB was used as a loading control. B) The ratio of TRPV6 protein density to ACTB density obtained by scanning densitometry. TRPV6 protein levels did not change during pregnancy (day, P . 0.05), but levels of TRPV6 protein on D12 and D15 of pregnancy were significantly higher than those on D12 and D15, respectively, of the estrous cycle (day 3 status, P , 0.01). Data are presented as least squares means with SEMs.
FIG. 4.
Immunohistochemical analysis of TRPV6 protein in uterine endometrium during the estrous cycle and pregnancy in pigs. Immunoreactive TRPV6 protein was mainly detected on LE during early pregnancy and increased on GE and CM during midpregnancy to late pregnancy. C, estrous cycle; P, pregnancy; St, stroma. Original magnification 3100.
CALCIUM-REGULATORY MOLECULES IN THE PORCINE UTERUS
Effect of Steroid Hormones on TRPV6 mRNA Levels in the Uterine Endometrium
Because expression of many uterine genes is regulated mainly by estrogen and progesterone during pregnancy, we investigated the effect of E 2 and P 4 on TRPV6 mRNA levels in the uterine endometrium. Uterine endometrial explant tissues from gilts on D12 of the estrous cycle were treated with control, E 2 , P 4 , E 2 þ P 4 , E 2 þ P 4 þ ICI, or E 2 þ P 4 þ RU486. As shown in Figure 6 , TRPV6 mRNA levels were increased by E 2 (control vs. E 2 , P , 0.01), but the addition of P 4 did not increase TRPV6 mRNA levels (control vs. P 4 , P . 0.05). E 2 -induced TRPV6 mRNA levels were inhibited by the addition of ICI, an estrogen receptor antagonist (E 2 þ P 4 vs. E 2 þ P 4 þ ICI, P , 0.01). Additional effect of P 4 on TRPV6 mRNA levels was not observed when P 4 was combined with E 2 (E 2 vs. E 2 þ P 4 , P . 0.05). E 2 -induced TRPV6 mRNA levels tended to be inhibited by the presence of RU486, a progesterone receptor antagonist (E 2 þ P 4 vs. E 2 þ P 4 þ RU486, P ¼ 0.09).
Expression and Localization of S100G mRNA in the Uterine Endometrium During the Estrous Cycle and Pregnancy in Pigs
Having determined that TRPV6 was expressed in the uterine endometrium during pregnancy but at constant levels during all stages of pregnancy, we next asked if there were any other intracellular calcium-regulatory molecules modulating calcium ion concentrations in the endometrium during pregnancy in a stage-specific manner. Thus, we determined whether S100G, a calcium-binding protein that buffers and transfers calcium ions in the cell, was expressed in the uterine endometrium during the estrous cycle and pregnancy and if its expression was regulated by pregnancy status and stage. S100G mRNA was detected in the uterine endometrium during the estrous cycle and pregnancy (Fig. 7) . Steady-state levels of S100G mRNA showed a biphasic expression during pregnancy, being expressed at high levels on D12 of pregnancy and from D60 to term pregnancy (day, P , 0.01) (Fig. 7) . Levels of S100G mRNA on D12 of pregnancy were significantly higher than those on D12 of the estrous cycle (day 3 status, P , 0.01).
To determine localization of S100G mRNA in the uterine endometrium during the estrous cycle and pregnancy in pigs, we performed in situ hybridization analysis (Fig. 8) . On D12 of pregnancy, signals for S100G mRNA were detected in LE with a strong intensity and in GE with a very weak intensity. Signal intensity for S100G mRNA in GE increased from D30 to term pregnancy. Signals for S100G mRNA were also detected in LE and CM, with a discrete pattern along the LE and CM layer from D60 to term pregnancy. S100G protein expression was not determined because of the lack of an appropriate antibody for detection of porcine S100G protein.
DISCUSSION
In this study, we observed the following in pigs: 1) TRPV6 was expressed in the uterine endometrium in a cell typespecific and pregnancy status-specific manner during the estrous cycle and pregnancy. 2) TRPV6 expression was detectable in conceptus trophectoderm (Tr). 3) TRPV6 mRNA levels in the uterine endometrium were increased by estrogen. Endometrial explants from gilts on D12 of the estrous cycle were cultured in DMEM/F-12 in the presence of control (C), E 2 (E [50 ng/ml]), P 4 (P [3 ng/ml]), E 2 þ P 4 , E 2 þ P 4 þ ICI (I [an estrogen receptor antagonist, 100 ng/ml]), or E 2 þ P 4 þ RU486 (R [a progesterone receptor antagonist, 30 ng/ml]) at 378C for 24 h. The E 2 alone and E 2 þ P 4 increased TRPV6 mRNA expression compared with the control and P 4 alone, respectively. For each treatment, all experiments were repeated in triplicate with endometrium from each of the three gilts. Data are presented as least squares means with SEMs. 1126 4) the pattern of S100G expression was biphasic during pregnancy, and S100G expression was cell type specific.
In our previous study [13] investigating genes expressed differentially in the endometrium on D12 of pregnancy compared with D12 of the estrous cycle, TRPV6 was one of the genes that were expressed at higher levels in the endometrium on D12 of pregnancy, leading us to hypothesize that TRPV6 might be a marker for implantation in the porcine uterus. The present study confirmed our earlier data and further delineated the expression of TRPV6 during the estrous cycle and pregnancy. TRPV6 expression was pregnancy specific, and there was no dramatic change in TRPV6 expression in the endometrium during pregnancy in pigs. It has been shown in pregnant mice that uterine TRPV6 expression reaches its highest levels at midpregnancy [11] , and Trpv6-null female mice take a longer time to get pregnant and have smaller litters than normal females [25] . These findings, together with our own results, indicate that calcium influx through TRPV6 is essential for the maintenance of pregnancy both in pigs and mice and is regulated differently depending on species during pregnancy. Pregnancy-specific TRPV6 expression suggests that TRPV6 could be an endometrial epithelial cell marker for the establishment and maintenance of pregnancy in pigs. TRPV6 expression was detected specifically in epithelial cells. It was found expressed in LE during all stages of pregnancy and showed increased expression in GE from midpregnancy to term pregnancy. These results suggest that calcium ions are needed for epithelial cell functions during all stages of pregnancy and that cellular actions of calcium ions may be different depending on cell type. Conceptus Tr during early pregnancy also expresses TRPV6 mRNA and protein. The expression of TRPV6 in the conceptus and the presence of calcium ions in uterine luminal fluids suggest that calcium ions may also have an important role in the development of the conceptus and implantation.
During pregnancy in pigs, uterine gene expression is mainly influenced by extended exposure to ovarian progesterone and estrogen of conceptus/placenta origin [26] . At the early stage of pregnancy, conceptus Tr secretes estrogen, which acts as a signal for the maternal recognition of pregnancy and affects expression of many uterine endometrial genes, including FGF7 [23] , SPP1 [27] , LPAR3 [28] , and STAT1 [29] . Progesterone of ovarian origin also affects expression of many endometrial genes such as UF [30] , UPTI [31] , RBP [32] , and FGF7 [33] . Thus, we hypothesized that these steroid hormones might also affect expression of TRPV6 in the uterine endometrium during pregnancy. The results of our experiments using endometrial explant cultures indicate that estrogen induced expression of TRPV6. The treatment conditions that included both progesterone and estrogen may be the most physiologically similar to the uterus during pregnancy because progesterone is present from the corpus luteum and estrogen from conceptuses during the peri-implantation period. Estrogen receptor 1 is present in uterine endometrial epithelial cells between D12 and D15 of the estrous cycle and pregnancy in pigs, whereas progesterone receptor is absent from epithelial cells [34, 35] . Therefore, the   FIG. 7 . Analysis of S100G mRNA levels in the uterine endometrium by real-time RT-PCR during the estrous cycle and pregnancy in pigs. Endometrial tissue samples from cyclic and pregnant gilts (n ¼ 3/day) were tested. Abundance of mRNA is presented as the expression relative to the level of S100G mRNA measured on D12 of the estrous cycle after normalization of the transcript amount to ACTB. Levels of S100G mRNA showed a biphasic expression pattern during pregnancy, with expression at high levels on D12 of pregnancy and from D60 to term pregnancy (day, P , 0.01). Levels of S100G mRNA on D12 of pregnancy were significantly higher than those on D12 of the estrous cycle (day 3 status, P , 0.01). Data are presented as least squares means with SEMs. FIG. 8 . In situ hybridization of S100G mRNA in the uterine endometrium during the estrous cycle and pregnancy in pigs. S100G mRNA was mainly localized to the LE during early pregnancy and was increased in GE and CM during midpregnancy to late pregnancy. A representative uterine section from D12 of pregnancy is shown hybridized with a DIGlabeled sense S100G cRNA probe (Sense) as a negative control. C, estrous cycle; P, pregnancy; St, stroma. Original magnification 3100.
results of this study indicate that estrogen of conceptus origin induces TRPV6 expression in the endometrium, especially in LE during early pregnancy. It is also likely that estrogen of placental origin may act as a local inducer of continued expression of TRPV6 in LE and GE during midpregnancy to late pregnancy, as estrogen is secreted from Tr/CM in a triphasic manner during pregnancy in pigs [36] [37] [38] . Progesterone alone or with estrogen did not have any effect on TRPV6 expression, but inhibition of progesterone receptor action tended to decrease estrogen-induced TRPV6 expression. Loss of progesterone receptor by progesterone in LE may be needed to support estrogen induction of TRPV6 expression. However, the fact that blocking progesterone receptor decreased the estrogen-induced TRPV6 expression indicates that LE may require progestamedins from stromal cells that retain progesterone receptor to mediate paracrine effects on TRPV6 expression. It is also possible that very low amounts of progesterone receptor remained after progesterone-induced down-regulation in LE and that these receptors are also necessary for TRPV6 expression. It has been suggested that stromal progestamedins, which mediate epithelial function in the uterine endometrium in several species, could be present [39] . Further experiments are needed to characterize the nature of progestamedins and to investigate the mechanisms of TRPV6 expression regulated by progesterone.
TRPV6 is up-regulated by many factors, including estrogen, vitamin D, and dietary calcium ions in kidney and intestine [14] . In mice, Trpv6 expression is highest at the estrous stage of the estrous cycle, and estrogen increases Trpv6 expression in the immature uterus [11] . During pregnancy, TRPV6 expression was high only during midpregnancy in mice [11] . However, Trpv6 expression is highest during the diestrous stage of the estrous cycle in rats, and progesterone increases Trpv6 expression in the immature uterus [12] . Although we did not examine all stages of the estrous cycle in this study, we found that TRPV6 expression was low at diestrus of the estrous cycle and that estrogen was an inducer of TRPV6 expression in the porcine uterus during pregnancy. These results indicate that uterine TRPV6 expression is regulated by steroid hormones and differently among species. The reason for differential regulation of uterine TRPV6 expression among species is not clearly understood, but other regulatory mechanisms (including calcium-regulatory hormones such as parathormone, calcitonin, calmodulin, and stanniocalcin, as well as steroid hormones) may be involved in TRPV6 expression in the uterus.
Because TRPV6 was expressed consistently in the uterine endometrium during all stages of pregnancy, we questioned if there were any intracellular calcium-regulatory molecules modulating calcium ion concentrations in the endometrial cells during pregnancy in a stage-specific manner. Among many intracellular calcium-regulatory proteins, it has been suggested that calbindins CALB1 and S100G buffer intracellular calcium ions and transport calcium ions from the apical side to the basolateral side of a cell [7] . Because S100G had been shown to be expressed in the uterine endometrium of pigs [17] , we hypothesized that S100G may be an intracellular calciumregulatory molecule in the uterine endometrium during pregnancy in pigs. Indeed, S100G expression was stage specific and cell type specific during pregnancy; S100G expression was detected in LE and GE during early and midpregnancy to late pregnancy in a biphasic manner during pregnancy. Localization of S100G expression was LE specific during early pregnancy and LE and GE specific during midpregnancy to late pregnancy, similar to what was observed for TRPV6 expression during pregnancy. The LE-specific S100G expression during early pregnancy coincides with the implantation process, and the LE-specific and GE-specific expression during midpregnancy to late pregnancy coincides with the time of increased uterine secretions and fetal growth. The type of cells expressing endometrial S100G in pigs is similar to that in rodents [5, 15, 40] , and biphasic expression of S100G during pregnancy is identical to that observed in rats [40] . These findings suggest that endometrial S100G expression is stage specifically regulated during pregnancy and that S100G may have a critical role in regulating the concentration of calcium ions (which enter through TRPV6 at the maternalfetal interface during pregnancy) in the uterine endometrial cells.
Calcium ion is a multipotent intracellular signal that induces many different biological functions, including exocytosis, contraction, metabolism, transcription, proliferation, and apoptosis [41] . It has been shown in pigs that uterine luminal calcium concentration increases on about D12 of pregnancy and that calcium secretion is increased by estrogen in the uterine endometrium [6, 42] . In the porcine uterine endometrium, an influx of intracellular calcium ions into the epithelial cells may also act as a second messenger in many intracellular cell signaling pathways activated by various endocrine, paracrine, and autocrine factors. In addition, there may be some other physiological importance of calcium ions in the porcine uterus. During pregnancy, LE interact with Tr/CM to form true epitheliochorial placenta in pigs. In the placentation process, LE express many cell adhesion molecules (including integrins) on the cell surface to attach LE to Tr/CM [43] . It has been shown that a 4 , a 5 , a v , b 1 , and b 3 integrin subunits are expressed in LE during early pregnancy in the porcine uterus [43] . Because integrin-mediated cell adhesion can also be induced by intracellular calcium ions (''inside out'' signaling) [44] , it is probable that calcium ions transported through TRPV6 into LE may affect cell adhesion between LE and Tr/ CM during pregnancy. Furthermore, LE and GE are active during pregnancy in the production of uterine secretions, termed histotroph. Histotroph, which includes transport proteins, enzymes, growth factors, and extracellular matrix proteins, acts on conceptus development, implantation, and placentation [45, 46] . In particular, GE secretory activity increases from midgestation as fetal growth increases rapidly. Thus, calcium ions may act on exocytotic secretion of various histotrophic molecules in the uterine endometrium because calcium ions are involved in the exocytotic process [41] . This phenomenon may account for the increased TRPV6 and S100G expression in GE during late pregnancy. It is also possible that endometrial epithelial cells may affect the function of extracellular calcium-binding proteins such as cadherins, integrins, and SPP1, which are expressed in the porcine uterine endometrium [43, 47, 48] .
In summary, this study provides valuable information showing that the calcium-regulatory molecules TRPV6 and S100G are dynamically expressed and regulated in the uterine endometrium during pregnancy and suggesting that regulation of calcium ion concentration may be critical for the establishment and maintenance of pregnancy in pigs. Results of this study raise some questions that will require further studies. It will be important to investigate the degree of calcium ion influx into LE/GE through TRPV6 from the uterine lumen, as well as the cellular and molecular mechanisms of calcium ion action during embryo implantation and maintenance of pregnancy. It should also be determined if there are any other channels regulating calcium ion absorption into the endometrial cells and what cellular molecules or machineries (other than S100G) are involved in regulating intracellular calcium ion levels. Answering these questions will broaden our 1128 understanding of the role of calcium ions in embryo implantation and maintenance of pregnancy.
